Winter oilseed rape (Brassica napus L.) is the most important oil crop in Europe. Due to a continually increasing demand for rapeseed oil for food and non-food uses, the production of hybrid cultivars with higher seed and oil yields has become increasingly important in recent years. However, the systematic use of heterosis for hybrid breeding in oilseed rape is limited by the relatively narrow genetic basis of adapted germplasm, which can impede the generation of distinct heterotic pools. In the present study experimental hybrids were developed from a population of 190 DH lines derived from a cross between an elite, double-low seed quality (zero erucic acid, low glucosinolate content) winter oilseed rape variety and a semi-synthetic line derived from a genetically diverse resynthesised rapeseed line with high erucic acid and glucosinolate contents. The DH lines were crossed with a male sterile tester and the resulting test hybrids were examined for yield performance at two locations in Hesse, Germany, that exhibit extreme differences in climatic conditions and soil characteristics. Mid-parent heterosis for seed yield was determined at both the agronomically optimal location Rauischholzhausen and the marginal site Niederhörlen. A value of up to 43% mid-parent heterosis for seed yield could be observed among selected test hybrids compared to that of their parental DH lines. The heterosis level for yield was particularly high at the nutrient-poor site, where the best test hybrids showed significantly higher yields than elite open-pollinating and hybrid varieties. This demonstrates the suitability and adaptability of highly heterotic rapeseed hybrids on marginal locations and suggests the existence of a strong heterotic effect on nutrient uptake efficiency.
Introduction
Winter rapeseed (Brassica napus L.; genome AACC, 2n = 38) is the most important oilseed crop in the European Union, with an acreage of 5.4 million ha in 2005 (data from FAOStat: http://faostat.fao.org/). Worldwide oilseed rape is the second most produced oilseed species after soybean, with extensive production in Europe, North America and China. The seed oil of rapeseed, a member of the mustard family (Brassicaceae), is widely used both as a high-quality edible oil and also for non-food purposes as an important renewable resource. The production of rapeseed has increased rapidly over the past decade due to a massively growing demand for renewable fuels and biodegradable lubricants as an alternative to mineral oils. Besides a major increase in production area, the best current winter rapeseed varieties also display improved yield performance and oil contents; in Germany a nationwide average seed yield of more than 4 t/ha was achieved in 2004.
In Germany more than 50% of the current winter oilseed rape production is derived from hybrid cultivars, and similar trends towards hybrid production are apparent in all the other major rapeseed-producing countries. Identifying parental combinations with strong heterosis for yield is the most important step in the development of new hybrid cultivars (Diers et al. 1996 , Becker et al. 1999 , Melchinger 1999 , and heterosis effects are generally more pronounced in crosses between genetically distinct materials. In oilseed rape, however, the level of genetic diversity in adapted winter oilseed rape breeding material with double-low seed quality (zero erucic acid, low glucosinolate content) is relatively low due to strong selection for these vital nutritional traits for the seed oil and meal, respectively. This severely hinders the generation of genetically diverse germplasm pools for hybrid development. On the other hand, B. napus genotypes containing high levels of erucic acid (C22:1) and seed glucosinolates (++ quality) represent a comparatively genetically divergent source of germplasm for hybrid breeding (Röbbelen and Nitsch 1975 , Thompson 1983 , Schuster 1987 , and novel B. napus genotypes with ++ quality can also be resynthesised from interspecific crosses between the two diploid ancestors of B. napus, namely Brassica rapa (A genome, 2n = 20) and B. oleracea (C genome, 2n = 18). Oilseed rape F1-hybrids generated from crosses between resynthesised rapeseed and elite breeding lines can exhibit high levels of yield heterosis . Unfortunately, most primary resynthesised rapeseed genotypes are not well-adapted to the western European climatic conditions. On the other hand, since the so-called semi-synthetic lines derived by backcrossing resynthesised rapeseed to adapted oilseed rape material can still contain a high degree of genetic diversity combined with a more adapted oilseed phenotype, such material represents a potentially interesting source of germplasm for hybrid production.
In experimental rapeseed hybrids, yield increases of up to 20-50% can be recorded compared to those of the parents (Brandle and McVetty 1990 , McVetty et al. 1991 , Schuster et al. 1999 , while the yield potential of hybrid cultivars was reported by Sauermann and Finck (1998) at levels of 5-12% above those of standard cultivars. Besides their generally better exploitation of yield potential, hybrid cultivars often also show a higher yield stability and improved adaptability; furthermore, their heterozygous genotype implies that this superior yield potential and yield stability can also be achieved under unfavourable conditions (Léon 1991 , Diepenbrock 2000 . The breeding of rapeseed hybrid genotypes that are adaptable to marginal locations is attracting increasing interest due to the rapidly growing acreage of oilseed rape production; highly heterotic rapeseed hybrids represent a potentially profitable alternative oilseed crop for less productive agricultural land that would enable further expansion in production without additional strain on already tight crop rotations.
In the present study a set of test hybrids was produced by crossing DH lines, derived from a cross between an elite winter oilseed rape cultivar and a genetically diverse semisynthetic line, with an elite male sterile line from a different genetic pool. The intention was to combine different combinations of exotic alleles from the semi-synthetic line with alleles from two different elite, double-low quality winter oilseed rape genetic backgrounds, in order to select hybrid combinations showing the highest levels of heterosis for seed yield. Particular emphasis was placed on the identification of hybrids that showed high levels of mid-parent heterosis at marginal locations.
Material and Methods

Plant material
A population of 190 microspore-derived doubled haploid (DH) lines was generated from a cross between the elite, double-zero seed quality (zero erucic acid, low glucosinolate content) winter oilseed rape variety 'Express' (Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Hohenlieth, Germany) and the semisynthetic breeding line 'V8'. The genetically diverse ++ quality 'V8' parent of the DH population was derived from a resynthesised B. napus produced via embryo rescue from an interspecific cross between the Indian B. rapa ssp. triloculoris (Yellow Sarson) variety 'YSPb-24' and the cauliflower (B. oleracea L. convar. botrytis) accession 'Super Regama' (Lühs and Friedt 1995a) . To transfer this exotic germplasm into an adapted genetic background, the resynthesised rapeseed was backcrossed to a high erucic acid breeding line, resulting in the parental line 'V8' (Lühs and Friedt 1995b) .
All the DH lines from 'Express' × 'V8' were crossed with the male sterile tester 'MSL Falcon'. The MSL system (Male Sterility Lembke) is based on the use of spontaneous male sterile mutants that were selected in the nursery of the breeding company Norddeutsche Pflanzenzucht HansGeorg Lembke KG, Hohenlieth, Germany (Paulmann and Frauen 1998) , who kindly provided seeds from 'MSL Falcon' which were used to produce a set of 190 test hybrids from the 190 DH lines. Oilseed rape hybrids produced with the MSL system are characterized by a high fertility restoration and a low glucosinolate content (Girke 2002) . Seeds of the test hybrids were produced in 2003 and 2004 in 2.25 m 2 (150 cm × 150 cm × 180 cm) isolation tents using colonies of solitary bees (Osmia cornuta). A total of 25 male sterile plants were grown together in each isolation tent with 10 plants from each respective DH line. The fertile pollinators were removed after flowering and F1 seeds from the MSL lines were harvested.
Field trials
To evaluate heterosis for yield, the experimental hybrids along with their parental DH lines were grown in 3.75 m 2 plots using a triple-replicated 14 × 14 lattice experimental design at two diverse locations in Hesse, Central Germany. The planting density was 64 seeds/m 2 for the experimental hybrids and 80 seeds/m 2 for the DH lines. As shown in Table 1 , the two locations differed considerably in both climatic conditions and soil types. The field trial sites were evaluated according to the German classification scale for agricultural land (Görz and Hock 1939) , which differentiates fields on a scale from 10 (extremely poor) to 100 points (excellent) based on soil characteristics and prevailing climatic conditions. The site at Rauischholzhausen (RH, around 70 km north of Frankfurt), located on an experimental farm belonging to the University of Giessen, is characterized by good cropping conditions with high-quality loess soils (70-80 points), whereas the marginal location Niederhörlen (NH, situated in the Lahn-Dill District) has a considerably colder climate and is characterized by decomposed acidic slate soil with a poor nutrient balance (25-35 points). The soil N min content (measured at a depth of 0-90 cm) ranged from 21 kgN/ha at the location NH to 50 kgN/ha at RH. At each location, the experimental hybrids were treated with 160 kg/ha calcium ammonium nitrate containing 27% N (KAS).
Field trials were performed in the growing season 2004/2005. To compare the yield performance, the experimental hybrids were cultivated together with a total of six registered German winter oilseed rape cultivars as standards, including the three open-pollinated varieties 'Oase' (Deutsche Saatveredelung GmbH, Lippstadt), 'Express' and 'Falcon' (Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Hohenlieth) and the three hybrid cultivars 'Titan', 'Trabant' and 'Talent' (Norddeutsche Pflanzenzucht HansGeorg Lembke KG, Hohenlieth).
Yield determination and quality analysis
Plots were harvested in July 2005 using a plot harvester. Crude composition of intact seeds, including oil, protein, glucosinolate, erucic acid and moisture contents, was determined by near-infrared reflectance spectroscopy (NIR System 6500, WinISI II software, FOSS GmbH Rellingen, Germany), as described by Daun (1995) with a standardization and calibration from VDLUFA (Verband Deutscher Landwirtschaftlicher Untersuchungs-und Forschungsanstalten, Kassel, Germany; NIRS-networks for rapeseed).
Data analysis
Analysis of variance (ANOVA, p = 0.001) for all the agronomic traits was performed using the mixed-model procedure with restricted maximum likelihood (REML) in the statistical software package SAS 9.1, in order to test for significant differences in the measured traits among the DH lines and experimental hybrids. Heterosis for seed yield was estimated as follows: mid-parent heterosis (MPH) = test hybrid value (TH) − mid-parental value (MPV); relative MPH = ((TH − MPV)/MPV) × 100.
Results
Seed yield and oil content
The pooled analysis of variance (ANOVA) for seed yield of the DH population and experimental hybrids over the two locations revealed highly significant differences (p = 0.001) between the genotype and location*genotype interaction. Significant genetic variation in seed yield (p = 0.05) was achieved between locations (data not shown). Table 2 shows the variation (minimum, mean and maximum values) for seed yield and oil content of the experimental hybrids compared to those of the DH population and the six standards. At both locations, the mean yield averaged over all the test hybrids was higher than the mean yield averaged over all the parental lines, with an improvement of 1.9 dt/ha at NH and 2.6 dt/ha at RH, respectively. However, the seed yield of the best individual DH lines was comparable to, and in some cases significantly higher than the seed yield of the best test hybrids. At the marginal location NH, the best DH lines and the best test hybrids achieved significantly higher maximum yields than all the open-pollinating and hybrid varieties used 
Estimation of heterosis for yield
The magnitude of heterosis for seed yield varied considerably within the population of test hybrids and between the two locations. High levels of heterosis were observed in many of the test hybrids at the marginal location NH, where the absolute MPH values for seed yield ranged from −16.62 to 12.90 dt/ha, corresponding to a maximum relative MPH value of 43.38%. At the superior site RH, the absolute MPH values ranged from −16.61 to 13.21, corresponding to a maximum relative MPH value of 35.7%. The significantly higher MPH value at the marginal location NH suggested the existence of a higher adaptability of the experimental hybrids to poor soils or low-nutrient conditions.
A relative MPH value above 30% was recorded in a total of twenty-three test hybrids at the marginal location NH (Fig. 1a) . Although the absolute yield potential of these hybrids was obviously lower in the poor soils and under the unfavourable climatic conditions of the marginal location, compared to the yields observed at RH, in many of them a negligible or absent heterosis for yield was recorded at RH (Fig. 1b) . This may suggest possible advantages of these hybrids in terms of capacity for nutrient uptake or assimilation, or a better pre-winter plant development resulting in an improved yield performance. Seed yield and oil content of the selected test hybrids at the two different locations NH and RH are listed in Table 3 along with the relative MPH values for seed yield. Heterosis for oil content was not calculated because the oil content is strongly influenced by the erucic acid content, which varied considerably among the DH lines.
Discussion
In winter oilseed rape, elite breeding material displays a comparatively low genetic diversity (Hasan et al. 2006) due to the bottlenecks caused by intensive selection for double-low seed quality (zero erucic acid, low glucosinolate content) during the past two decades. Therefore, genetically diverse resynthesised rapeseed genotypes from interspecific crosses between the diploid parents of B. napus, namely B. oleracea and B. rapa, can exhibit a considerably higher heterosis potential than conventional rapeseed . Girke (2002) obtained an improved heterosis effect of up to 22% in experimental hybrids by using resynthesised rapeseed as crossing parents. This is presumably because resynthesised rapeseed forms can harbor a comparatively high proportion of rare alleles (Seyis et al. 2003 ) that will potentially increase the degree of heterozygosity when they are used as parents for hybrid combinations with elite oilseed rape lines. The location NH is characterized by soils with a low N min content in autumn and a low nitrogen mineralization rate in spring. In the present study, we identified a number of new genetically diverse oilseed rape test hybrids that appeared to show a high heterosis level under these suboptimal growing conditions, coupled with a per se yield performance that was superior to that of open-pollinating and hybrid varieties used as standards. These results suggest that F 1 rapeseed hybrids display a comparatively wider adaptability to adverse soil and climatic conditions than openpollinating lines, along with a high yield potential and yield stability in general. On the other hand, in some of the DH lines used as parents for the experimental hybrids, yields were higher than those of the best test hybrids. This might be ascribed to fixed heterosis within the amphidiploid oilseed rape genome (Abel et al. 2005) , which can be expected to be comparatively high in DH offspring with a combination of alleles from genetically diverse parental lines. In the test hybrids this fixed heterosis may have been diluted because the tester 'MSL-Falcon' was derived from the narrow gene pool of 00 winter oilseed rape and, therefore, presumably harbored many of the same alleles as those of the 'Express' parent of the DH lines. In other words, the level of heterozygosity among homoeologous genes may be higher in some of the DH lines than in the corresponding test hybrids generated from them. The level of heterosis in the best test hybrids was comparable to the heterosis levels observed previously in the F 1 hybrid from 'V8' × 'MSL-Falcon', indicating that the potential for enhancing the heterotic character of the genetically diverse parent 'V8' was exploited to near its maximum in the test hybrids from the DH lines. This is particularly interesting in the case of genetically diverse lines that exhibit 00 seed quality despite a genetically diverse background derived primarily from the ++ gene pool (Basunanda et al. 2007 ). The two test hybrids derived from the DH lines 14 and 78 exhibited low (< 20 µmol·g −1 ) seed glucosinolate levels and low to moderate seed erucic acid levels (Basunanda et al. 2007 ). On the other hand, while the erucic acid content is controlled by only two genes in oilseed rape (Fourmann et al. 1998) and can be relatively easily eliminated by recurrent selection, the glucosinolate content is a complex trait that can often cause an undesired linkage drag in materials derived from synthetic rapeseed. Hence these two lines are particularly interesting candidates for further variety development. The genome of the DH line 78 was derived to almost 60% from that of the genetically diverse semisynthetic B. napus parent 'V8' (Basunanda et al. 2007 ) and showed a high heterosis level at both NH and RH in the present study.
In conclusion, our results demonstrated that Brassica napus displays a considerable potential for heterosis breeding using single-cross hybrids, based on a DH population obtained by using a semi-synthetic line with ++ quality as pollinator. This underlines previous suggestions (e.g. Röbbelen and Nitsch 1975 , Thompson 1983 , Schuster 1987 that B. napus genotypes containing high levels of erucic acid and GSL represent a comparatively genetically divergent source of germplasm for hybrid breeding.
